The effects of intracerebral and intravenous Candida albicans infection on experimental meningo-encephalitis in mice were compared. Naive mice inoculated with two C. albicans strains of Werent pathogenicity (highly virulent CA-6 and poorly virulent PCA-2) were more resistant to infection when the yeasts were inoculated by the intracerebral rather than the intravenous route. In immunized mice, in which systemic immunity had been induced by long-term colonization with low-virulence PCA-2 cells, increased intracerebral resistance to challenge with virulent Candida was observed at about two weeks post-infection. In contrast, the inoculation of PCA-2 cells directly into the brain resulted in early, long-lasting activation of local microbicidal mechanisms against intracerebral challenge with CA-6, StaphyIococcus aureus or AspergiIIus fumigatus. Increased local anti-Can&& resistance was also observed upon intracerebral injection of human recombinant interleukin 1. These data suggest that, in addition to the intracerebral expression of systemic antifungal immunity, microbial mechanisms may be locally activated in the brain, possibly through release of endogenous interleukin 1.
Introduction
Candida albicans is an important fungal pathogen, causing life-threatening infections in immunocompromised or severely debilitated patients. Conditions leading to systemic or mucocutaneous candidosis include a variety of underlying diseases and/or immunosuppressive regimens (Odds, 1988) . In particular, severe mucocutaneous candidosis is often seen in association with defects in T-cell-dependent immunity (Klein et al., 1984; Khardori, 1989; Murphy, 1990) .
Several animal models of systemic C. albicans infection have been established to assess the relative contributions of specific and non-specific mechanisms in anti-Candida resistance. Much evidence has accumulated over the years for a major role of polymorphonuclear neutrophils and macrophages as potent candidacidal effectors (Rogers & Balish, 1980; Murphy, 1990) . In addition, recent evidence suggests that specific T cells may also be important, perhaps due to T-cell-dependent, cytokine-mediated regulation of effector cell function (Domer, 1988; Cenci et al., 1989 Cenci et al., , 1990 Cantorna & Balish, 1999) .
Abbreviations: AmB, amphotericin B; i.c., intracerebral(1y); i.v., intravenous(1y); IL-1, interleukin 1.
Although C. albicans is the causative agent in about 40% of cerebral mycoses (Lipton et al., 1984; Pendlebury et al., 1989) , little is known of the mechanisms of intracerebral resistance to Candida infections. In the present study, we first investigated the effect of C. albicans inoculated directly into the brains of mice with no underlying immunity to the yeast. The test was then extended to mice with systemic anti-Candida immunity. The poorly pathogenic agerminative strain of C. albicans, PCA-2, is able to induce long-term colonization which results in the development of specific T-dependent immunity to challenge with cells of the highly virulent C.
albicans strain CA-6 (Bistoni et al., 1986; Cenci et al., 1989 Cenci et al., , 1990 . In order for systemic protection to occur, a critical number of PCA-2 cells must be injected intravenously (i.v.) . In addition, due to the nature of the final effector cells involved in this protection (cytokine-activated macrophages and granulocytes), the response lacks efferent specificity, such that PCA-2 vaccination will also result in increased non-specific anti-infectious protection at about two weeks post-infection . For this reason, we examined the effect of systemic PCA-2 infection on host susceptibility to intracerebral (i.c.) Candida challenge. In addition we studied the effects of i.c. injection of the low-virulence cells on the expression units (c.f.u.) in the specimens (three to five mice per group) was determined by a plate dilution method, using Sabouraud dextrose agar. After 24-48 h of incubation at 37 "C, the colonies were counted; results (means f SEM) were expressed as the number of c.f.u. per organ.
Statistical analysis. Differences in survival times were analysed by the Mann-Whitney U test. Differences in the numbers of c.f.u. in organs were analysed by Student's t-test. Each experiment was repeated three to five times.
Survival of mice challenged by the i.v. or i.c. route using two diferent C. albicans strains
To investigate the resistance of mice to infection induced directly into the brain, we performed experiments in which naive CD-1 mice were inoculated with high-(CA-6) or low-(PCA-2) virulence C. albicans cells by the i.c. or i.v. route. The animals were then examined for survival time and for number of dead mice at 60d over total animals injected. Table 1 shows that, for equal number of yeast cells, the resistance of mice to challenge with either strain was considerably greater when the cells were injected by the i.c. rather than i.v. route. In particular, after i.c. injection of lo5 highly virulent CA-6 cells, the mice succeeded in resolving their infections, whereas all the mice that received lo5 CA-6 cells i.v. died. In mice surviving i.c. challenge with either strain, histological examination of brain sections showed the occurrence of granulomas with prevalent participation of lymphomononuclear cells (data not shown). Transient candidaemia could be detected 12-48 h after challenge by either route, but the fungus was not recoverable from the blood after that time (data not shown).
To better evaluate the course of i.c. infection and the spread of yeast cells from the brain after i.c. challenge, yeast cells in the kidneys and brain were titrated at different times after injection of lo6 CA-6 cells ( Fig. 1) . A marked decrease in the number of c.f.u. in the brain was evident from day 3 post-infection, suggesting the occurrence of an effective clearance mechanism. In contrast, the kidneys were rapidly colonized, with a progressive increase in c.f.u. over the 7 d observation period. Interestingly, the number of c.f.u. in the kidneys was only 10-fold less than that in the brain at 24 h postinoculation. This may have been due to the fact that a significant portion of the i.c. inoculum was probably delivered systemically. A similar course of C. albicans infection was observed when the low-virulence PCA-2 cells, which give rise to chronic infection when injected systemically, were given i.c. (lo6 cells per mouse) and the animals were observed for up to 14d, as shown in Fig. 2. This figure also shows that upon i.v. injection of an equal number of PCA-2 cells, there was a rapid dissemination of the yeast in all animals to both brain and kidneys. However, as early as 3 d after infection, the brain began to actively clear the pathogen; no such effect was observed in the kidneys. In this experiment, on day 14, c.f.u. counts in the brains of the mice infected i.c. were significantly lower than those in mice infected i.v.
(P <0.01). 1 D/T, dead mice over total animals tested. 6 P < 0.01 (PCA-2-treated versus untreated mice).
Efect of PCA-2 treatment on CA-6 challenge
Next, we tested whether the inoculation of PCA-2 cells directly into the brain would lead to increased local resistance against virulent C. albicans. Mice were inoculated i.c. with different numbers of PCA-2 cells and then challenged at different times with lo7 CA-6 cells. Increased resistance to i.c. C. albicans challenge could be detected at 3-7 d post-infection, and the effect did not appear to be strictly dependent on the PCA-2 inoculum size (Table 2) . When the size of the CA-6 challenge 6 D/T, dead mice over total animals tested. 11 P < 0.01 (PCA-2-treated versus untreated mice).
inoculum was lowered to lo6 cells, complete protection was induced by lo', lo4 or lo6 PCA-2 cells, injected 3-14 d before challenge (data not shown).
To gain some insight into the specificity of the response induced by i.c. inoculation of PCA-2 cells, we inoculated lo6 PCA-2 cells into the brains of mice and after 10 d the animals were challenged i.c. with virulent C. albicans CA-6 conidia, S . aureus or A . fumigatus. The results in Table 3 indicate that PCA-2 injection conferred a high degree of local protection against the virulent CA-6 strain as well as the unrelated micro- 10/10 5 (2-9) 10/10 i.c.
-14 6011 (-) 0/10 6.5 (4-10) 10/10 i.c.
-7 6011 ( 6 ) 0/10 11.5 (9-15) 10/10 i.c.
-3 6011 (-1 0/10 8 (6-10) 10/10 i.v.
-14 6011 (-) 0/10 6011 (-1 0/10 i.v.
-7 7 (3-10) loll0 1211 (10-16) 8/10 i.v.
-3 7 (4-11) loll0 6 (4-10) 10/10 * Live PCA-2 cells were given i.c.
or i.v. (lo6 cells per mouse)
$ The range of survival times is given in parentheses. Q D/T, dead mice over total animals tested.
11 P < 0.01 (PCA-Ztreated versus untreated mice).
Day of PCA-2 administration before challenge.
organisms. Since it is known that different stimuli in the brain can non-specifically activate cerebral macrophages (Giulian, 1987; Perry & Gordon, 1988) , we also performed experiments in which sterile saline solution of heat-inactivated PCA-2 cells were injected into the brains of naive mice. Neither inflammatory stimulus was able to increase the resistance of mice to CA-6 challenge ( Table 4) . In a subsequent series of experiments, we investigated the possibility of inducing systemic anti-Candida protection by i.c. injection of PCA-2 or, conversely, to obtain i.c. protection by i.v. injection of PCA-2. The results in Table 5 indicate that the i.c. treatment could confer local but not systemic protection. In contrast, systemic infection with PCA-2 ( lo6 cells per mouse) conferred both systemic and i.c. resistance to CA-6 challenge. While a local anti-CA-6 protective response in the brain was induced by PCA-2 as early as 3 d post-infection, increased resistance to i.c. challenge with CA-6 following peripheral PCA-2 sensitization could be detected no earlier than two weeks post-infection.
Eflect of amphotericin B administration on PCA-2-induced protection
We have previously demonstrated that amphotericin B (AmB), administered according to selected treatment schedules, can completely eliminate C. albicans from the kidneys of infected mice (Bistoni 1985) . For this reason, mice treated with PCA-2 plus AmB are unable to resist subsequent CA-6 challenge. To investigate the effect of AmB in the i.c. infection model, we administered the drug shortly after injection of PCA-2 (lo6 cells i.v., day -14), prior to CA-6 challenge on day 0 by the i.c. or i.v. route. Table 6 shows that AmB treatment abrogated the systemic effect of PCA-2-induced protection although it did not affect the expression of local resistance in the brain.
Eflect of i.c. administration of IL-I on survival of mice challenged i.c.
Taken together, the above results suggested the occurrence of local immune and/or inflammatory responses in the brain of the i.c.-challenged mice. This type of response could be distinct from, and perhaps combine with, peripherally generated anti-Candida responses. IL-1 is a major intermediary in immune and inflammatory responses involving the activity of phagocytes, and can also be locally produced by the brain microglia (Giulian, 1987; Giulian et al., 1988; Hetier et al., 1988) . For this reason, we studied the effect of i.c. administration of IL-1 on the response to i.c. yeast challenge. Mice were inoculated i.c. with IL-1 (30 U per mouse) and, 2 d later, challenged i.c. with lo6 CA-6 cells. A significant increase in survival occurred in the IL-1-treated mice with respect to the controls (Table 7 ). The number of c.f.u. recovered from the brain correlated with the degree of resistance observed in the survival experiments.
Discussion
Although the brain represents an important target organ for C. albicans infections (Lipton et al., 1984; Khardori, 1989) , little is known of natural and immune mechanisms active in antifungal resistance in the brain. Using two strains of C. albicans with different pathogenicity, we found that the hosts were more resistant to i.c. than to systemic infection with C. albicans. This suggested that inoculation of yeast cells into the brain might have triggered local clearance mechanisms inadequately activated, under these experimental conditions, by the haematogenous dissemination of yeast cells to the brain from peripheral sites.
In a previously described model of systemic infection of mice with CA-6 cells, we have shown that protective immunity to lethal challenge is induced by vaccinating the animals with agerminative PCA-2 cells (Bistoni et al., 1986 . In this model, the establishment of effective protection requires a period of 7-14d after vaccination, is accompanied by a state of chronic infection involving a critical antigenic load , and is apparently mediated via macrophages non-specifically activated by cytokines (e.g. IL-1, IFN-y, TNF-a) (Bistoni et al., 1986; Cenci et al., 1989 Cenci et al., , 1990 Vecchiarelli et al., 1989) . IL-1 seems to play a major role in the afferent induction of this response . For this reason, we performed experiments to ascertain whether i.c. infection with PCA-2 would enhance local resistance to challenge with CA-6. Our results showed that PCA-2 infection induced non-specific antimicrobial protection when performed 3-14 d before challenge. The protective effect was detectable with a wide range of inocula of PCA-2, indicating that relatively low numbers of C. albicans cells were capable of triggering local fungicidal mechanisms. Both the early emergence of the i.c. reactivity and its activation by limited numbers of PCA-2 cells suggest that this response is at least in part different from the local expression of systemic anti-Candida immunity. Increased i.c. resistance was demonstrable under condi-tions not necessarily associated with the development of systemic T-cell dependent immunity (for example i.c. PCA-2 infection, or i.v. vaccination concurrent with AmB treatment). Nevertheless, it is possible that the local and systemic responses cooperated in increasing i.c. resistance following PCA-2 vaccination by the i.v. route. It has been reported that microglia is the major cell type associated with immunological responses in the central nervous system. Several functions have been ascribed to microglia, including antigen presentation, production of IL-1, Fc receptor and class I1 major histocompatibility complex antigen expression (Giulian, 1987; Perry & Gordon, 1988) . Because stimulated microglia produces IL-1 (Giulian et al., 1988; Hetier et al., 1988) and this cytokine is a well-known macrophage-activating factor, active in anti-Candida resistance both in vitro and in uivo ( Van't Wout et al., 1988; Kullberg et al., 1990) , we performed experiments to evaluate whether i.c. inoculation of IL-1 would increase anti-Candida resistance. Our results showed that injection of IL-1 into the brain produced a significant enhancement in resistance, in terms of both increased survival and reduced c.f.u. recovery from the brains of the IL-1 -treated mice. Although our present observation that i.c. injected IL-1 non-specifically increases local anti-Candida resistance may be of therapeutic value,' much study will be needed to clarify the mechanisms underlying this effect.
In conclusion, the data of the present paper suggest that both innate and acquired immunity may play a role in resistance to Candida meningo-encephalitis in mice and that the innate mechanisms may involve local production of IL-1
